H igh-pressure lavage produces greater visible damage to bone at a macroscopic and microscopic level when compared with low-pressure lavage and can result in delay in the healing of fractures. Osteoblasts and adipocytes are derived from mesenchymal stem cells. Conditions which lead to bone loss often involve a switch from the osteoblast to adipocyte lineage. We have therefore examined the effect of high-and low-pressure irrigation on the differentiation of adipocytes.
In vitro models of fractures of the tibial shaft have demonstrated at both macroscopic and microscopic level that high-pressure pulsatile lavage produces greater visible damage to bone than low-pressure lavage. 1, 2 Moreover, it has been reported that bone debridement under high pressures results in a decline in the early formation of new bone during healing of fractures. 3 Recent studies have indicated that osteoblasts arising from mesenchymal stem cells can differentiate along several lineages. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In the bone marrow, mesenchymal stem cells differentiate not only into osteoblasts, but also into adipocytes, and there is an inverse relationship between the formation of adipocytes and osteoblasts. Thus, some conditions which lead to bone loss often involve a switch from the osteoblast to adipocyte lineage. 9, 11, 14, 15 For example, with glucocorticoid-induced or age-related osteoporosis the decrease in the number of osteoblastic cells is accompanied by a parallel increase in the number of adipocytes. 14, 15 Furthermore, dexamethasone and certain fatty acids induce differentiation of adipocytes at the expense of the formation of osteoblasts in calvaria-derived cell-culture systems. 9, 11 These studies suggest that adipocytes and osteoblasts are derived from an unknown common progenitor cell. Given the decline in early bone formation after highpressure lavage, we hypothesised that the mechanism for this effect may be related to the differentiation of adipocytes. Our purpose therefore was twofold: 1) to examine the effect of high-pressure lavage on the number of adipocytes and osteoblasts in vitro; and 2) to evaluate whether low-pressure lavage limits the extent of the differentiation of adipocytes in vitro.
Materials and Methods
Calvarial cells were isolated from three-day-old C57B1/6 mice (Charles River Laboratories, St Constant, Canada) as described previously. 16 Briefly, under low-power magnification, the parietal bones were exposed by sharp dissection of the overlying skin and subcutaneous tissue. Each calvaria was then carefully removed, minced and suspended in phosphate-buffered saline (PBS) before digestion with collagenase (2.5 mg/ml) for four hours at 37°C. 17 Media were changed every three to four days until the termination of the experiments. After 14 days, the cells were fixed and osteoblasts and adipocytes were quantified as described below. Pressure irrigation procedure. After three days in differentiation media, 72 confluent plates were subjected to either high-pressure lavage alone (n = 24), low-pressure lavage alone (n = 24), or served as a control group (n = 24). A 30 ml syringe with an 18 gauge, 3.0 cm catheter (Johnson & Johnson Medical Inc, Arlington, Texas) was used to deliver the high-pressure lavage. The irrigating tip was held approximately 5 cm from the bone surface. This technique is well reported, and is known to deliver pressure of approximately 8 pounds per square inch (psi). 18, 19 Although this technique has been reported to be consistent, a single investigator (MB) performed all irrigations to minimise the inherent variability with which the syringe was depressed. Each specimen was irrigated with a total of 50 ml of normal saline. ) was quantified by light microscopy at 100ϫ magnification in a blinded fashion. Oil Red O staining. After 14 days in the differentiation assay, adipocyte-like cells in six plates from each of the three groups were identified using Oil Red O to stain cytoplasmic lipid droplets (triglycerides) in the cells. This staining technique has been well reported in previous studies. 6, 7 Oil Red O (0.5 g) was dissolved in 100 ml of isopropanol, diluted 60:40 with distilled water, and then filtered using a Whatmann #1 filter before use. Calvariaderived cell cultures were fixed with 10% formalin, stained with Oil Red O (Sigma Chemical Co) for one hour, rinsed repeatedly with distilled water to remove residual stain, and then counterstained with 0.1% Methyl Green. The proportion of adipocytes in a defined area (0.25 mm 2 ) was quantified by light microscopy at 100 ϫ magnification in a blinded manner as previously reported.
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Reverse transcription-polymerase chain reaction (RT-PCR). To verify whether pressure irrigation influenced the differentiation of adipocytes at a transcriptional level, mRNA levels for peroxisome proliferator activated receptor, (PPAR)␥2, an early marker for such formation, 22 were examined. In addition, to determine whether pressure irrigation influenced the differentiation of osteoblasts at a transcriptional level, mRNA levels for osteocalcin, a marker of osteoblast formation, were determined.
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First-strand cDNA synthesis of total mRNA by reverse transcription (RT). Total RNA was isolated from calvarial cells exposed to high-pressure irrigation (n = 12), lowpressure lavage (n = 12), and the control group (n = 12) using the RNAeasy kit (Qiagen, Toronto, Canada). The RNA was stored at -70°C in H 2 O. A total of 4 g of RNA was aliquoted in a volume of 48 l with 2 l of oligo d(T) primer and H 2 O. This mixture was denatured at 70°C for ten minutes and quick-chilled on ice for ten minutes. A cDNA copy of all mRNA was synthesised using the superscript II (Gibco BRL) method of reverse transcription. To the reaction, 16 l of 5X first-strand buffer, 8 l of 0.1 MDTT and 4 l of 10 mM each of dATP, dCTP, dGTP, dTTP and 2 l of superscript were added and incubated at 42°C for one hour. Inactivation was done at 70°C for ten minutes and stored at -20°C until use. Primers. The specific primers used (Mobix; McMaster University, Hamilton, Canada) for the RT-PCR were 20 M solutions (Table II) . The GAPDH upstream (5') primer for mouse was 5'-TGAAGGTCGGTGTGAACG-GATTTGG 3' and downstream (3') 5'-ACGGCCAT-CACGCCACAGCTTTCCAGAGG-3'. The specific cytokine primers for osteocalcin were upstream (5') 5'-CACAATCTGCTTTGGGATGG-3' and downstream (3') 5'-TGCACGTCTAGCCCTCTGCAGG 3'. For PPAR␥2 24 the upstream primer (5') was 5'-GTTGACACAGAGATGC-CATTCTGG-3' and downstream (3') 5'-CACAAGCAT-GAACTCCATAGTG-3'. Polymerase chain reaction (PCR). The PCR reaction was performed using 2 l of the RT reaction with 18 l of PCR Supermix (Gibco BRL). To each reaction, 0.5 l of a 20 M Forward primer mix and 1 l of ␥ 32 P labelled reverse mixture were added (either osteocalcin or PPAR␥) (Table II) . Each microlitre of the reverse primer contained 0.5 l of 20 M stock primer, 0.14 l H 2 0, 0.06 l of T4kinase (Gibco BRL, Mississauga, Canada), 0.01 l of ␥ 32 P (Mandel, Toronto, Canada) and 0.2 l of 5X Forward reaction buffer. This mixture was incubated at 37°C for one hour and was followed by inactivation at 70°C for ten minutes. The products were stored at -20°C.
The PCR reactions were set up on ice, overlayed with mineral oil and performed in triplicate using a programmable thermal controller (MJ Research Inc, Chicago, Illinois). Conditions for cycling were as follows: 1) an initial denaturation step of 94°C for two minutes; and 2) the appropriate number of cycles of 94°C for one minute, 65°C for one minute and 72°C for one minute. The number of cycles was determined by initially performing cycle number analysis at a point on the low end of the saturation curve. This was found to be 20, 28 and 28 cycles, respectively, for GAPDH, osteocalcin and PPAR␥2. The amplification products were analysed on 5% polyacrylamide gel electrophoresis and visualised by drying the gels, and exposing to film. Quantitative analysis was performed using volume quantification on a phosphoimaging system (Molecular Dynamics, Ottawa, Canada).
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Statistical analysis. The number of ALP and Oil Red Ostaining cells were compared for the treatment groups with single-factor analysis of variance (ANOVA). Specific pairwise comparisons between treatment groups were further evaluated by independent t-tests. Equality of variances between treatment groups was examined and if inequality was found, t-tests for unequal variances were performed. The least significance difference (LSD) tests were applied to adjust for multiple comparisons. All tests were two-tailed and p < 0.05 was considered to give statistical significance. All means are presented with the standard error (SEM).
Results
The effect of pulsatile lavage on Oil Red O stained cells. Significant differences were found between highpressure lavage, low-pressure lavage and the control group in Oil-Red-O-stained cells (ANOVA, p < 0.05). When specific comparisons between groups were performed, high-pressure lavage (8 psi) resulted in a significant increase in the number of the Oil-Red-O-stained cells when compared with low-pressure lavage (1 to 2 psi) (800 ± 70.7 v 535 ± 56.1, respectively; p = 0.02 corrected for multiple comparisons) (Fig. 1) irrigation, and an increase of 75% compared with the control group (Figs 2 and 3) . Moreover, the number of adipocyte-like cells in the low-pressure irrigation and control groups did not differ significantly (535 ± 56.1 v 490 ± 51.6, p = 0.54).
The level of PPAR␥2 mRNA in calvarial cells exposed to high-pressure lavage was 1.3 times greater than in cells exposed to low-pressure lavage and 1.6 times greater than in control cells (Fig. 4) . Effect of pulsatile lavage on ALP stained cells. Significant differences in ALP staining between cells exposed to high-pressure lavage and low-pressure lavage and the control group were observed (ANOVA, p < 0.05). When specific comparisons between groups were performed, high-pressure lavage (8 psi) gave a significant decrease in the number of ALP-stained cells when compared with lowpressure lavage (1 to 2 psi) (179.5 ± 19.4 v 640 ± 119.2, respectively; p = 0.02) (Fig. 5) . Compared with the control group, high-pressure lavage decreased the number of ALPstained cells by 90% whereas low pressure decreased them by 65% (1800 ± 189.5, 179.5 ± 19.4 and 640 ± 119.2, respectively). Furthermore, high-pressure lavage gave a ten times greater decline in the number of ALP-stained cells compared with control cells (179.5 ± 19.4 v 1800 ± 189.5) (Figs 5 and 6) .
Lavage of the calvarial cells led to a decline in the expression of osteocalcin in both high-and low-pressureexposed cells (Fig. 4) . Correlation between osteoblast and adipocyte cell numbers. The decline in osteoblast numbers was highly correlated with an increase in adipocyte-like cells as the irrigation pressure increased from the control to high pressure (r = 0.82; Fig. 7 ).
Discussion
It is now generally accepted that osteoblasts arise by differentiation from multipotential progenitor cells within the bone-marrow stroma which are also capable of committing to other mesenchymal lineages, including fibroblasts, myoblasts, chondrocytes, adipocytes and osteoblasts. [5] [6] [7] [8] [9] [10] [11] [12] [13] Considerable work has focused on the specific relationship between osteoblasts and adipocytes. Specifically, those conditions associated with bone loss, such as ovariectomy, glucocorticoid treatment, or immobilisation, are associated with an increase in marrow adipocytes. [25] [26] [27] One possible mechanism for the decline in bone volume, and thus mechanical strength, is an imbalance in the differentiation of progenitors of the osteoblast and adipocyte lineages at the expense of the osteoblast. This theory has been confirmed in histomorphometric studies which have shown adipose replacement of the marrow in osteoporosis. 23 The precise role of adipocytes in the bone marrow is unknown. It has been suggested that they act simply in a passive role filling marrow cavities not required for active haematopoiesis. However, adipocytes may also be involved in the energy metabolism of the active osteoclast, or they may participate in overall metabolism by clearing and storing circulating triglycerides. 28 High-pressure lavage has been used extensively in the debridement of contaminated fractures with soft-tissue wounds. [1] [2] [3] However, its deleterious effects on bone have only recently been reported. [1] [2] [3] In addition to visible macroscopic bone damage, high-pressure lavage has been shown to produce microscopic fissuring and periosteal stripping of cortical bone. 2 The definition of high-pressure lavage has varied in the literature. 1, 2, 18, 19 Since there is no agreement on a 'cut-off' point for high-pressure lavage, it may be more useful to view pressure irrigation on a continuum. Therefore, while 8 psi have been defined as low pressure in studies examining its macroscopic effects 2, 3 we have considered it to be 'relatively' higher pressure at the microscopic level. To our knowledge, we are the first to show that lavage, at a clinically relevant pressure (8 psi) , produces an increase in adipocytes at the expense of osteoblasts. This effect is less pronounced with low-pressure lavage (1 to 2 psi). These conclusions are strengthened by the in vitro cell culture model used and our confidence in identifying both osteoblasts and adipocytes. Osteoblastic cells released from fetal calvaria are a widely used model. In the presence of serum, these cells will differentiate over time and pass through the successive stages of proliferation and formation, maturation, and mineralisation of the matrix with each stage characterised by a specific pattern of gene expression. 5, 17 The differentiation of osteoblasts was monitored by two markers, ALP and osteocalcin, sequentially expressed during the differentiation process. 6 ALP is one of the earliest markers expressed by an immature osteoblast, and its expression persists throughout the maturation of the osteoblast. We found significant reductions (90%) in ALPstained cells with high-pressure lavage compared with the control group. Hillsley and Frangos 29 subjected calvarial cells to fluid flow (5 dynes/cm) and found a reduction of 70% in levels of ALP after three hours of exposure. Despite the significantly greater fluid pressures used in our current study, we found a similar decline in osteoblasts. Further confirmation of the findings from ALP staining were obtained from osteocalcin mRNA expression. Stanford et al 24 evaluated the effect of cellular deformation on osteocalcin expression in calvarial cells. They reported that even small magnitudes of cellular deformation reproducibly depressed the osteocalcin message. The differentiation of adipocytes was monitored by the well-reported technique of Oil-Red-O-staining of the lipid droplets, which accumulate in their cytoplasm. [5] [6] [7] We confirmed the presence of adipocytes by the expression of a specific receptor, PPAR␥2, found in adipocytes. Recently, the PPARs, a group of receptors which belong to the steroid hormone receptor superfamily, have been implicated in the control of differentiation of adipocytes. 30 The PPAR family is composed of three receptors, PPAR␣, PPAR␦, and PPAR␥. 9 The last is primarily expressed in adipose tissue Graph showing decline in osteoblast numbers v the increase in adipocyte numbers with increasing irrigation pressure. and the immune system. 30 Moreover, the peroxisome proliferator response element has been identified in the promoter regions of several enzymes associated with the metabolism of triglycerides. 30 The mechanism by which high-pressure lavage influences the differentiation of mesenchymal stem cells is uncertain. The decline in osteoblasts after high-pressure lavage may have occurred as a consequence of immediate cell lysis from trauma, delayed cell apoptosis, or an alteration of the differentiation pathway of the stem cells. We found that, at the pressures utilised for the study, most cells were viable immediately after lavage. This provides persuasive evidence against direct cell lysis from trauma.
A variety of factors, including interleukin 1-␤, tumour necrosis factor-␣ and bone morphogenetic proteins (BMP) have been implicated in altering the differentiation pathway of mesenchymal stem cells towards osteoblasts or adipocytes. 31 Moreover, osteoblasts contain receptors for IL-6, IL-11, LIF, oncostatin M, and ciliary neurotrophic factor. 32 These cytokines share a common gp 130 signal transduction protein and are known to modulate bone metabolism. 32 Thus, it is possible that high-pressure lavage alters the expression of one or more of these cytokines.
Open fractures with soft-tissue contamination typically undergo thorough and meticulous debridement and highpressure irrigation with several litres of saline. 33, 34 During the initial stages of the healing of fractures, it may be hypothesised that high-pressure lavage may result in a switch in the differentiation of mesenchymal stem cells towards the adipocyte lineage. Bennett et al 13 have shown that both preadipocytes and mature adipocytes may rapidly become fibroblastic. 13 They have further defined the series of cell changes which accompany the conversion from adipocytes to fibroblasts. These include a change from rounded or polygonal cells with cytoplasmic lipid droplets (adipocytes) to spindle-shaped cells without lipid droplets (fibroblast precursors). 13 Thus, a decline in osteoblasts and an increase in adipocyte-like cells may be early cellular changes which could lead to a delay in the process of healing and potentially result in fibrous nonunion. Our findings suggest that, in addition to mechanical damage, high-pressure lavage may promote differentiation of mesenchymal stem cells towards the adipocyte lineage. These findings may have clinical significance in the development of delayed and nonunion in those open fractures initially debrided with high-pressure irrigation.
